Objective-Elevated levels of oxidative stress have been reported in abdominal aortic aneurysms (AAA), but which reactive oxygen species promotes the development of AAA remains unclear. Here, we investigate the effect of hydrogen peroxide (H 2 O 2 )-degrading enzyme catalase on the formation of AAA. Approach and Results-AAA were induced with the application of calcium chloride (CaCl 2 ) on mouse infrarenal aortas.
A bdominal aortic aneurysms (AAA) are permanent dilatations of the aortic wall. The majority are located in the infrarenal aorta between the takeoff of the renal arteries and the iliac bifurcation. Age, male sex, and history of cigarette smoking are the major risk factors for the development of AAA. Although sometimes aneurysms remain stable in size, frequently the aortic diameter increases in size until rupture occurs. 1 Previous studies have demonstrated that aneurysmal dilatation is an active process that involves infiltration of the adventitia and tunica media with inflammatory cells, 2,3 loss of smooth muscle cells, thinning of the tunica media, 4, 5 and degradation of the extracellular matrix. 3, 6, 7 Elevated levels of oxidative stress have been reported in aneurysmal tissues. Miller et al 8 demonstrated increased nicotinamide adenine dinucleotide phosphate oxidase activity, as well as elevated levels of superoxide, lipid peroxidation, and 3-nitrotyrosine in human aortic aneurysmal tissue compared with healthy tissue from the same aorta. The inducible form of nitric oxide synthase, a source of reactive oxygen species (ROS) and reactive nitrogen species, is upregulated in human AAA. 9 Furthermore, decreased antioxidant enzyme activity, 10 including decreased neutrophil catalase activity, 11 and lower levels of α-tocopherol in the plasma of patients with AAA 12 have been described. In animal models, angiotensin II infusion in hyperlipidemic mice, which induces nicotinamide adenine dinucleotide phosphate activity and ROS formation, 13 results in vascular inflammation and aneurysm formation, 14 whereas administration of apocynin (an inhibitor of nicotinamide adenine dinucleotide phosphate oxidases), 15 deletion of p47phox, 16 or vitamin E supplementation 17 attenuates AAA formation.
Although these data have established a firm connection between ROS and AAA development, the identity of the specific ROS responsible for the vascular injury that precedes aneurysmal development, as well as the effect of antioxidant enzymes on aortic dilatation, remains unclear. Interestingly, hydrogen peroxide (H 2 O 2 ) modulates the pathophysiological processes that have been shown to govern AAA formation, such as inflammation, 18 vascular smooth muscle cell (VSMC) death, 19 and matrix metalloproteinase (MMP) activation. 20 Thus, we hypothesized that H 2 O 2 causes vascular
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Effects of CaCl 2 on Vascular Wall Catalase and H 2 O 2 Fluxes
First, we investigated the effect of vascular injury on aortic wall catalase and H 2 O 2 levels. We observed a sustained decrease in catalase mRNA expression and activity as early as day 3 after injury ( Figure 1A and 1B). The levels of H 2 O 2 were also quantified in infrarenal aortas at different time points after exposure to calcium chloride (CaCl 2 ). In agreement with the catalase activity, we found that the H 2 O 2 levels generated in the aortas exposed to CaCl 2 peaked on postoperative day 10 ( Figure 1C ).
Infusion of PEG-Catalase Attenuates CaCl 2 -Induced Aortic Dilatation
To investigate the impact of catalase on the vascular wall injury that precedes AAA formation, aneurysms were induced in wild-type mice, which were infused intravenously with PEG-catalase or saline. The administration of PEG-catalase prevented the decrease in aortic wall catalase activity (Figure 2A ), raised plasma catalase activity ( Figure 2B ), and resulted in a modest reduction of aortic H 2 O 2 levels on postoperative day 10 ( Figure 2C ). Infusion of PEG-catalase, unlike infusion of saline, protected from CaCl 2 -induced aortic dilatation and AAA formation ( Figure 2D and 2E). Histological examination showed significant dilatation, distortion of the normal architecture, and thinning of the media in aortas exposed to CaCl 2 and infused with saline ( Figure 2F , top). In contrast, aortas from PEG-catalase-treated mice had normal architecture and preserved tunica media ( Figure 2F , bottom). Quantification of the media thickness by hematoxylin and eosin staining confirmed that PEG-catalase was protective against VSMC loss ( Figure 2G ).
Overexpression of Catalase in VSMC Inhibits AAA
To investigate the significance of VSMC-derived catalase on aneurysm formation, we used a transgenic mouse model that overexpresses human catalase specifically in the VSMC, driven by the myosin heavy chain-α promoter (Tg cat-VSMC ). 21 The expression of the human catalase transgene in the infrarenal aortas remained relatively stable, despite vascular injury ( Figure 3A ). This resulted in preserved catalase activity in Tg cat-VSMC aortas. However, aortas from the wild-type littermates had significantly decreased catalase activity after exposure to CaCl 2 ( Figure 3B ). As expected, plasma catalase activity was similar between the 2 groups ( Figure 3C ). In additional studies, we sought to determine the effect of VSMC-derived catalase on AAA formation. Wild-type and Tg cat-VSMC mice were exposed to CaCl 2 and euthanized after 8 weeks. We noted a remarkable reduction in aortic dilatation of catalase-overexpressing mice compared with their wild-type littermates ( Figure 3D and 3E). In agreement with the PEG-catalase experiment, wild-type mice had dilated, distorted aortas ( Figure 3F , top), but the aortas from transgenic animals exhibited preserved architecture ( Figure 3F , bottom) with intact tunica media thickness ( Figure 3G ).
Catalase Attenuates MMP Activity
To delineate the mechanism by which catalase is protective against aneurysmal dilatation, first we examined the expression and activity of extracellular matrix-degrading enzymes between the wild-type and Tg cat-VSMC mice. We found a trend toward higher levels of MMP-9 mRNA at baseline and MMP-2 mRNA on day 10 after surgery in wild-type mice ( Figure I Figure 4B ). In contrast to MMPs, the cathepsin activity was found to be similar between the 2 groups ( Figure I in the online-only Data Supplement). We also sought to determine whether infusion of PEG-catalase had a similar effect on extracellular matrix degradation. Wild-type mice were exposed to CaCl 2 , infused with saline or PEG-catalase, and euthanized 10 days after surgery. In agreement with the previous data, gelatin zymography of aortic lysates showed attenuated MMP activity after infusion of PEG-catalase, but not saline ( Figure 4C ). 
Reduced Apoptotic Cell Death in Catalase-Overexpressing Aortas
Because loss of VSMC is important in AAA formation, we investigated the effect of VSMC-specific catalase overexpression on apoptotic cell death after vascular injury with CaCl 2 . Initially, we used terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining to look for apoptosis in the vessel wall. Apoptotic cells were present in wild-type and Tg cat-VSMC aortas after exposure to CaCl 2 on days 3 and 7 after surgery. We observed apoptotic cells in the intima, media, and adventitia in wild-type aortas, but in catalase-overexpressing aortas the vascular wall was protected from apoptotic death ( Figure 5A , top). Similarly, immunohistochemistry for cleaved caspase 3, another marker of apoptosis, showed diminished levels of apoptosis in transgenic compared with wild-type aortas ( Figure 5A , bottom). Quantification of TUNEL-positive cells in the media and intima showed remarkably reduced apoptosis in Tg cat-VSMC compared with wild-type mice ( Figure 5B ). In addition, quantification of the TUNEL-positive area over the total vascular wall area showed higher degree of apoptosis in wild-type compared with Tg cat-VSMC mice ( Figure II in the online-only Data Supplement). The levels of tumor necrosis factor α (TNFα), a potent proapoptotic cytokine, were also diminished in the transgenic aortas ( Figure 5C ). The proliferative response as assessed by 5-bromo-2-deoxyuridine staining was similar between the 2 groups ( Figure II Bottom, Representative images of in situ gelatin zymography of a wt (left) and a Tg cat-VSMC aorta (right) on postoperative day 10. B, Percent fluorescent signal over total aortic wall area on postoperative day 10 in wt and Tg cat-VSMC mice exposed to calcium chloride (CaCl 2 ) and wt mice exposed to saline (sham; n=4/group; *P<0.01 by 1-way ANOVA). C, Gelatin zymography in aortic lysates from wt mice exposed to CaCl 2 and treated with saline or PEG-catalase (PC) 10 days after chemical injury; scale bar, 50 μm. aMMP indicates activated matrix metalloproteinase; DAPI, 4',6-diamidino-2-phenylindole; and VSMC, vascular smooth muscle cells.
Attenuated Inflammatory Response in Tg cat-VSMC
We also investigated the mRNA levels of known and likely inflammatory mediators of AAA formation in response to CaCl 2 . We found that TNFα expression in the aortas of Tg cat-VSMC mice was significantly lower on postoperative day 3 compared with wild-type mice ( Figure 5C ). The levels of transforming growth factor (TGF) β1, osteopontin, and the macrophage chemoattractant monocyte chemotactic protein-1 were also attenuated in the transgenic mice ( Figure III in the online-only Data Supplement). There was a trend toward lower levels of IL-1β in Tg cat-VSMC mice. We did not observe differences in the mRNA levels of IL-6, intercellular adhesion molecule 1, stromal cell-derived factor 1, IL-1α, and TGFβ 2 on postoperative day 3 (data not shown).
To examine the potential role of smooth muscle catalase overexpression in modulating inflammatory cell infiltration into the arterial wall, we stained for the macrophage marker Mac3. We found higher levels of macrophage infiltration in wild-type compared with catalase-overexpressing aortas on postoperative day 7 ( Figure IV Interestingly, contrary to overexpression of catalase in the VSMC, administration of PEG-catalase did not alter the levels of any inflammatory marker, except from TGFβ1, which was remarkably reduced compared with saline controls on day 3 after surgery ( Figure V 
Similar Total H 2 O 2 Levels in Wild-Type and Tg cat-VSMC Aortas
To assess whether catalase overexpression affected the overall H 2 O 2 release in Tg cat-VSMC compared with wild-type aortas, we quantified H 2 O 2 fluxes in both groups on days 3, 8, and 10 after surgery with the Amplex Red assay. The levels of H 2 O 2 were not statistically different between the 2 groups ( Figure 6A ). Because endothelial cells are capable of generating significant amounts of H 2 O 2 , we sought to determine whether there was a compensatory increase in H 2 O 2 production by the endothelial layer, as a consequence of enhanced H 2 O 2 degradation by the VSMC layer in Tg cat-VSMC mice. To investigate this, wild-type and Tg cat-VSMC mice were exposed to CaCl 2 , and the H 2 O 2 levels were measured on postoperative day 10 after removing the endothelial layer by scrapping. Endothelial denudation resulted in an equal reduction of H 2 O 2 levels by 2 pmol/min per aortic ring in both groups ( Figure 6B and 6C), which approximates 30% of the total H 2 O 2 levels in the infrarenal aortas at this specific time point. This result demonstrates that there is equal endothelial contribution in H 2 O 2 levels in both groups.
Next, we sought to determine the expression of important vascular wall redox-regulating enzymes. Wild-type and transgenic mouse aortas had similar levels of the antioxidant enzymes superoxide dismutase 1 and glutathione peroxidase 1 (Figure 6D-6F ). The levels of peroxiredoxin 1 and 2 were also comparable between the 2 groups at baseline and after exposure to CaCl 2 ( Figure VI in the online-only Data Supplement). Similarly, infusion of PEG-catalase had no effect on the expression of major antioxidant enzymes ( Figure VII in the online-only Data Supplement).
The hematoxylin and eosin and the TUNEL assay analysis showed higher survival of VSMC in Tg cat-VSMC compared with wild-type aortas after CaCl 2 injury. This observation suggested that the slightly elevated levels of H 2 O 2 in transgenic mice could be explained by an increased number of VSMC in tunica media compared with wild-type mice. Indeed, staining for smooth muscle α-actin showed an intact medial layer in the Tg cat-VSMC aortas ( Figure 6H ) as opposed to wild-type aortas, in which areas of VSMC loss were evident as early as day 3 after surgery ( Figure VIII in the online-only Data Supplement) and were remarkable on postoperative day 10 ( Figure 6G ). As expected, wild-type aortas exposed to saline rather than CaCl 2 had an intact tunica media similar to the Tg cat-VSMC mice ( Figure 6I ).
Despite the similar levels of H 2 O 2 in the aortas of wild-type and Tg cat-VSMC mice, staining for 4-hydroxy-2-nonenal, a lipid peroxidation product and a marker of oxidant damage in the vascular wall, revealed significantly higher levels in the wildtype ( Figure 6J ) compared with catalase-overexpressing mice ( Figure 6K ) 8 weeks after surgery. This observation suggests that the total H 2 O 2 levels do not describe accurately the levels of oxidative stress in the vasculature.
Discussion
Oxidative stress has been described in human and animal models of AAA; however, the identity of ROS that mediate the development of aortic dilatation remains elusive. Here, we investigated the effect of catalase, a peroxisomal H 2 O 2scavenging enzyme, on the formation of CaCl 2 -induced aortic aneurysms. The significance of catalase on AAA formation has been controversial. Previous work from our laboratory demonstrated that catalase overexpression in the VSMC protected against angiotensin II-induced biomechanical changes that predispose to aortic dilatation. 22 Similarly, Grigoryants et al 23 demonstrated that tamoxifen upregulated catalase and attenuated elastase-induced AAA in rats. However, Uchida et al 24 showed that catalase deficiency had no effect on angiotensin II-induced aortic aneurysms in mice. In the present work, using the CaCl 2 model, we show that catalase expression and activity were substantially decreased early after vascular injury. Reconstitution of catalase activity either via pharmacological administration or via genetic tissue-specific overexpression in the VSMC had a profound protective effect against vascular wall damage and AAA formation. Of note, as opposed to angiotensin II infusion, which raised catalase activity, 24 vascular injury with CaCl 2 decreased aortic catalase activity. The differential response highlights the inherent differences in the mechanism of aneurysm induction between the 2 models. Unfortunately, Grigoryants et al 23 did not report how the levels of catalase in the elastase model of AAA compare with its baseline levels before surgery. October 2013
The degradation of extracellular matrix by proteolytic enzymes, such as MMPs 6,25 and cathepsins, [26] [27] [28] promotes aneurysm formation. It has been previously shown that the activity of MMPs can be modulated by H 2 O 2 in vitro. 20 It is also possible that the activity of cathepsins can be affected by ROS either directly through cysteine oxidation or indirectly through disruption of the lysosomal membrane integrity by hydroxyl radicals. In our studies, catalase overexpression in the VSMC did not affect the activity of cathepsins at early or late stages after vascular injury. However, we found decreased MMP expression and activity in the aortas of transgenic compared with wild-type mice 10 days after injury. Similarly, infusion of PEG-catalase decreased the gelatinolytic activity in aortic lysates 10 days after exposure to CaCl 2 . The data suggest that the protective effect of catalase is primarily mediated by modulation of MMP activity.
The overexpression of catalase in VSMC decreased the formation of inflammatory mediators such as TNFα and decreased apoptotic cell death. The antiapoptotic effects were validated with 2 independent methods, staining for TUNEL and cleaved caspase 3. Interestingly, infusion of PEG-catalase failed to decrease TNFα expression and did not protect from apoptosis. Thus, the attenuated apoptosis in the Tg cat-VSMC mice could be, in part, attributed to diminished TNFα expression, because failure to reduce the expression of TNFα by PEGcatalase resulted in lack of antiapoptotic effect.
Apart from suppressing MMP activity, both genetic and pharmacological catalase administration decreased the expression of TGFβ1 in the vasculature. The effect of TGFβ on aneurysm formation is controversial. It has been reported that it promotes the formation of thoracic aneurysms in mouse models of Marfan syndrome, 29 although it seems to be protective levels in wt and Tg cat-VSMC aortas with intact endothelial cell layer (EC) and after endothelial denudation 10 days after CaCl 2 surgery. C, EC-attributed H 2 O 2 generation in both groups, (D) superoxide dismutase 1 (SOD1) mRNA levels, and (E) glutathione peroxidase (GPX) 1 mRNA levels at baseline and over time in wt and transgenic mice. F, Western blot for SOD1 and GPX1/2 in wt and transgenic mouse aortas on day 3 after injury. G, Representative smooth muscle α-actin staining (SMA) 10 days after surgery in wt mice exposed to CaCl 2 , (H) Tg cat-VSMC mice exposed to CaCl 2 , and (I) wt mice exposed to saline. J, Staining for the lipid peroxidation product 4-hydroxy-2-nonenal (HNE) in wt and (K) Tg cat-VSMC aortas 8 weeks after surgery (n=3/group; scale bar, 50 μm).
against angiotensin II-induced aortic dilatation. 30 The significance of TGFβ in CaCl 2 -induced aneurysms is understudied. One report suggested that TGFβ may decrease CaCl 2 -induced aneurysms in mice. 31 Here, we show that TGFβ1 levels were elevated after CaCl 2 injury and catalase administration significantly lowered its levels. However, it remains unclear whether the change in TGFβ1 expression induced by catalase is incidental or it contributes to the protection against aortic dilatation in the CaCl 2 model.
Interestingly, although catalase overexpression in the VSMC and pharmacological administration of PEG-catalase reduced the activation of MMPs, the antiapoptotic and antiinflammatory effects observed in the transgenic model were not evident after PEG-catalase infusion. The administration of PEG-catalase is a short-term event and affects multiple tissues and cell types. However, in the transgenic mice catalase is overexpressed specifically in the VSMC since birth. This chronic overexpression can potentially alter the phenotype and the way VSMC respond to inflammatory stimuli. Although this is an intriguing observation, investigation of the effects of chronic overexpression of catalase on VSMC phenotype is beyond the scope of this article.
Despite the profound protective effect of catalase on AAA formation, infusion of PEG-catalase at 10 000 U/kg per day only modestly decreased the H 2 O 2 release. Furthermore, we could not detect differences in the H 2 O 2 levels between the wild-type and Tg cat-VSMC mice. This is not an entirely unexpected finding. First, catalase is specifically expressed in the peroxisomes, and although it is essential for H 2 O 2 detoxification produced in the peroxisomes as a consequence of fatty acid oxidation, its role in maintaining the total cellular H 2 O 2 levels is limited. Other more abundant enzymes with lower K m values for H 2 O 2 , such as the peroxiredoxins and glutathione peroxidases, are the main regulators of cellular H 2 O 2 levels. 32, 33 Second, a compensatory increase in the expression of H 2 O 2 -generating enzymes, such as the nicotinamide adenine dinucleotide phosphate oxidases, could account for the lack of difference in H 2 O 2 fluxes. In addition, the survival of VSMC, the cells that account for a significant portion of H 2 O 2 generation in our model, was enhanced in Tg cat-VSMC mice compared with wild-type controls. This can partially explain the lack of difference in H 2 O 2 levels between the 2 mouse models. Furthermore, all the available tools for the detection and quantification of ROS are subject to limitations, and despite the fact that Amplex Red is one of the most sensitive and specific tools used to measure H 2 O 2 levels, it is still far from perfect, and the acquired results should be interpreted with caution. 34 For example, the Amplex Red assay detects the extracellular H 2 O 2 levels. Despite the common knowledge that H 2 O 2 moves freely across membranes, emerging data suggest a selective regulation of H 2 O 2 fluxes by the aquaporin-3 channel. 35 Thus, the extracellular H 2 O 2 levels do not necessarily reflect the intracellular levels. Furthermore, as suggested by 4-hydroxy-2-trans-nonenal staining, the formation of lipid peroxidation products, a marker of oxidant-induced damage in the aortic wall, was significantly attenuated in the catalaseoverexpressing mice. This observation raises the possibility that extracellular H 2 O 2 levels alone do not reflect accurately the degree of oxidative damage in the vasculature. Finally, in a seminal work published previously, a strong overexpression of human catalase specifically in mitochondria resulted in a 50-fold increase in catalase activity and prolonged the animal life span. However, only a modest reduction in H 2 O 2 levels was detected in isolated mitochondria. 36 In summary, in this work we demonstrate for the first time that catalase activity in the aorta drops significantly after chemical injury with CaCl 2 . Restoring catalase activity decreases the activation of MMPs and protects from AAA formation. This finding suggests that altered H 2 O 2 signaling as a consequence of decreased catalase activity in the vasculature could be an early insult that leads to aortic dilatation.
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Although oxidative stress has been firmly connected with aortic aneurysm disease, the identity of the specific reactive oxygen/nitrogen species and antioxidant enzymes that predispose to the development of aortic dilatation remains elusive. In this work, we demonstrate for the first time that catalase activity is decreased and hydrogen peroxide levels rise early after vascular injury before the development of aortic dilatation. Furthermore, we show that restoration of catalase activity in the aortic wall inhibits the degradation of extracellular matrix by matrix metalloproteinases and subsequently prevents the development of aortic aneurysms.
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